The number of sensory receptor genes varies extensively among different mammalian species. This variation is believed to be caused partly by physiological requirements of animals and partly by genomic drift due to random duplication and deletion of genes. If the contribution of genomic drift is substantial, each species should contain a significant amount of copy number variation (CNV). We therefore investigated CNVs in sensory receptor genes among 270 healthy humans by using published CNV data. The results indicated that olfactory receptor (OR), taste receptor type 2, and vomeronasal receptor type 1 genes show a high level of intraspecific CNVs. In particular, >30% of the Ϸ800 OR gene loci in humans were polymorphic with respect to copy number, and two randomly chosen individuals showed a copy number difference of Ϸ11 in functional OR genes on average. There was no significant difference in the amount of CNVs between functional and nonfunctional OR genes. Because pseudogenes are expected to evolve in a neutral fashion, this observation suggests that functional OR genes also have evolved in a similar manner with respect to copy number change. In addition, we found that the evolutionary change of copy number of OR genes approximately follows the Gaussian process in probability theory, and the copy number divergence between populations has increased with evolutionary time. We therefore conclude that genomic drift plays an important role for generating intra-and interspecific CNVs of sensory receptor genes. Similar results were obtained when all annotated genes were analyzed.
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birth-death process ͉ copy number evolution ͉ human evolution ͉ multigene family ͉ olfactory receptor E ukaryotic genomes contain many multigene families, and the number of gene copies in a multigene family often varies with organism (1, 2) . In particular, the copy numbers of sensory receptor gene families are known to vary extensively among different mammalian species (3) (4) (5) (6) . A certain portion of this variation is likely to be accounted for by physiological requirements for the species to adapt to their specific environments. However, because these gene families contain a large number of pseudogenes (3) (4) (5) (6) , they also appear to have experienced a random change of gene copy number caused by duplication, deletion, and inactivation of genes. This random change of copy number during evolution is called genomic drift (7) .
If this view is right, we would expect that each species contains a substantial amount of copy number variation (CNV), particularly with respect to sensory receptor genes. That is, different individuals in a species are expected to have different numbers of sensory receptor genes. Fortunately, this problem can now be studied, because a number of authors have studied the copy number variable regions (CNVRs) of the human genome, examining many different individuals from various populations (8) (9) (10) (11) (12) (13) (14) .
The most extensive study so far conducted is that of Redon et al. (13) . They searched for CNVRs exhaustively and studied the copy number polymorphisms of genic and nongenic nucleotide sequences among 270 healthy individuals sampled from Africans (30 parent-offspring trios from Yoruba, Nigeria), Asians (45 unrelated Han Chinese from Beijing, China, and 45 unrelated Japanese from Tokyo, Japan), and Europeans (30 parentoffspring trios of European descents from Utah). Here, a CNVR is defined as a genomic region of a few kilobases to a few megabases, in which different individuals contain different numbers of copies of DNA pieces. Because they used DNA hybridization techniques, the detection of CNVRs was not always accurate, but according to their quality assessment, the false-positive rate for detecting CNVRs was low (Յ5%), and they identified 1,447 CNVRs including X and Y chromosomes. These CNVRs include genes that are polymorphic with respect to copy number. In this article, these genes will be called copy number polymorphic genes (CNPGs). Using the gene function annotation from the gene ontology (GO) database (15), Redon et al. (13) examined CNVs for various genes, but GO analysis was quite crude, because the same type of gene was included in several different categories. In the case of sensory receptor genes, however, this problem can be avoided, because the nucleotide sequences of the genes are already known (16) (17) (18) , and all of the genes within CNVRs can be identified.
In their study of CNVs, Redon et al. (13) used a particular European individual as the reference and examined CNVs between this individual and other sampled individuals. This experimental procedure was used, because the currently available human genome sequence (standard genome sequence) is a mixture of genomes from different individuals. Because the exact number of gene copies in the reference individual is not known, the absolute number of gene copies of each sampled individual cannot be determined. All we can do is to know the copy number relative to that of the reference individual. Yet, the distribution of this number among sampled individuals should be the same as that of the absolute number. In reality, the CNVs determined by Redon et al. (13) were those not among different genomes but among different diploid individuals. Nevertheless, these CNVs should give useful information about the extent of copy number polymorphism in human populations.
The purpose of this article is to report the extent of CNVs for a few different types of sensory receptor genes and to relate it to the long-term change of copy numbers of the sensory receptor gene families. However, we first present the results for the entire set of annotated genes.
within the CNVRs from CNPGs, because a majority of the breakpoints of CNVRs are still ambiguous (19) .
In this study, 3,144 of 22,218 human genes annotated in the Ensembl database (20) were identified as CNPGs. This number is similar to the previous estimate (2,908 genes) (13) , which was obtained by using the RefSeq database (21) . Our results indicate that 14.2% (3,144/22,218) of the human gene loci are polymorphic with respect to copy number. However, the number of polymorphic loci relative to the reference individual varied extensively among different sampled individuals. Fig. 1 shows the distribution of the number of loci in which the number of gene copies of a sampled individual is different from that of the reference individual. The ordinate stands for the number of individuals that showed a particular number of polymorphic loci relative to the reference individual. On average, a sampled individual had 277.2 loci different from the reference individual with respect to copy number. The maximum and minimum numbers of polymorphic loci were 574 and 108, respectively. These results indicate that an enormous number of CNPGs exist in human populations. Fig. 2 shows the distribution of relative copy number for all annotated genes among 270 individuals. The relative copy number represents the difference in copy number between the reference and a sampled individual. Here, it should be mentioned that when the copy number difference was identified between the reference and a sampled individual for a given gene (locus), the difference was assumed to be always one, because it was difficult to estimate the exact copy number difference from signal intensity data based on DNA hybridization (13) . The distribution in Fig. 2 was approximately normal, and the mean of the distribution was 31.3 with a standard deviation (SD) of 54. 4 . This indicates that, on average, a randomly sampled individual contained a larger number of genes than the reference individual. To minimize the effect of the number of genes used on SD in the comparison of different gene families (see below), we computed the SD relative to the gene number in the standard human genome sequence (SDRG). (We could not compute the coefficient of variation, because the absolute copy number for each individual was not computable, as mentioned above.) This SDRG was 0.24% (54.4/22,218). When we computed the copy number difference for all possible pairs of individuals, the mean difference was 61.5, and in the most extreme case, one individual had 298 more genes than the other. The mean copy number difference relative to the gene number in the standard genome (MDRG) was 0.28% (61.5/22,218).
To evaluate the extent of CNVs within and among the three populations studied, we computed the relative copy number for each population (Fig. 3) . In this analysis, we excluded offspring data, because the gene copy numbers of these individuals are correlated to those of their parental individuals. Each of the distributions roughly followed the normal distribution. On average, Africans had a larger number of gene copies than Asians or Europeans, and the differences in the mean numbers among the three populations were highly significant (P ϭ 2.9 ϫ 10 Ϫ8 by F test). In addition, the African population showed the largest variation, which is consistent with the African origin hypothesis of modern humans (22, 23) .
We then classified 3,144 CNPGs into the GO categories (15) to see the functional differences in CNVs. We found that the genes involved in sensory perception and immune response are significantly overrepresented [supporting information (SI) Table  4 ], as noted (13, 24) .
CNVs of Sensory Receptor Genes in Humans.
Because the genes belonging to the olfactory receptor (OR) (16), taste receptor type 2 (T2R) (17) , and vomeronasal (pheromone) receptor type 1 (V1R) (18) gene families are well characterized in the human genome, we investigated the CNVs for these genes in detail. [We did not analyze taste receptor type 1 and vomeronasal receptor type 2 genes, because the copy numbers of these gene families are very small in humans (6, 25) .] For OR and T2R genes, we analyzed functional and nonfunctional genes separately. For V1R genes, only two of 117 genes have intact ORFs (18) , but these genes are also suggested to be relics of an ongoing pseudogenization process (26) . We therefore decided to regard all V1R genes as pseudogenes. Because the genomic locations of these genes were determined by using human genome assembly build 33 or 34 (16) (17) (18) , whereas CNVR data were based on the build 35 (13), we reexamined the genomic locations of all genes using the build 35 (see Materials and Methods). After this reexamination, we obtained 796 OR (385 functional and 411 nonfunctional), 34 T2R (24 functional and 10 nonfunctional), and 113 V1R (all nonfunctional) genes. Table 1 shows the numbers of polymorphic and monomorphic loci with respect to the copy number of sensory receptor genes. The proportion of polymorphic loci was 30% for functional OR genes and 35% for OR pseudogenes. Other genes also showed substantially higher proportions of polymorphic loci (40-80%) than the average for all annotated genes (14.2%). There was no significant difference in the proportion of copy number polymorphic loci between functional and nonfunctional OR or T2R genes (P Ͼ 0.1 by 2 test). Fig. 4 shows the distributions of the relative copy numbers for OR, T2R, and V1R genes in all sampled individuals. The copy numbers for both functional and nonfunctional OR genes approximately followed the normal distribution, but those of T2R and V1R genes did not. When we computed the copy number difference for all possible pairs of individuals, the mean difference in functional OR genes was 10.9, and in the most extreme case one individual had 49 more genes than the other ( Table 2 ). The other gene families also showed substantial CNVs among individuals. We found that SDRG is 1.9-15.8% [e.g., 2.5% (9.6/385) for functional OR genes], whereas MDRG is 2.1-10.0% [e.g., 2.8% (10.9/385) for functional OR genes] depending on the gene family. These values are much larger than the average for all annotated genes (0.24% and 0.28%, respectively). There was no significant difference in the variance of copy number between functional (91.8) and nonfunctional (97.3) OR genes (P ϭ 0.63 by F test). However, because OR genes are frequently located in tandem in the human genome, the functional and nonfunctional OR genes are often included in the same CNVR. This may have the effect of equalizing the variances for functional and nonfunctional OR genes. We therefore excluded such CNVRs and reanalyzed the data. However, the variances for functional and nonfunctional OR genes were nearly the same (8.3 and 10.9, respectively). We also analyzed the CNV of OR genes for each population separately (Fig. 5) . All distributions were approximately normal. The mean relative numbers of functional OR genes of the three populations were significantly different from one another (P ϭ 4.2 ϫ 10 Ϫ5 by F test), whereas the numbers of OR pseudogenes were not (P ϭ 0.09). There was no significant difference between the variances of functional and nonfunctional OR genes in all populations.
CNVs of OR Genes Within and Between Populations or Species.
To examine the relationship between the copy number polymorphism within populations and the copy number divergence between populations, we computed the SD of copy number of OR genes in each population and the absolute values of the mean copy number difference between populations. Because we had three populations, the extent of polymorphism within populations was measured by the average of the SDs for the three populations, and the extent of divergence between populations was measured by the average of the absolute values of mean differences. The divergence relative to the polymorphism was measured by the ratio of the average of the mean differences to the average SD. We found that the extent of intrapopulational polymorphism is similar for functional genes and pseudogenes, but the extent of interpopulational divergence is greater for functional genes than for pseudogenes (Table 3) .
A similar analysis was conducted for CNVs for humans and chimpanzees. Because there are no comprehensive CNV data for chimpanzees, we assumed that the extent of polymorphism in chimpanzees is identical to that in the entire human population. We also assumed that the extent of the average species divergence is equal to the copy number difference of OR genes obtained by Y. Go and Y. Niimura (personal communication) from the standard human and chimpanzee genome sequences. There is another report about human and chimpanzee OR genes (27) , but we did not use it, because it was based on early versions of the genome sequences. The ratios of the interspecific divergence to the intraspecific polymorphism were 1.67 and 1.12 for functional and nonfunctional genes, respectively, which are much higher than the corresponding ratios for human populations (Table 3 ). This result indicates that the copy number divergence has increased with evolutionary time.
Discussion
We have seen that human populations contain a large amount of CNVs of genes, and the MDRG is 0.28%, which is about three times higher than the proportion of single-nucleotide polymorphisms (SNPs) between two randomly chosen genomes (Ϸ0.1%) (28-30). One may therefore argue that CNVs are more important than SNPs in generating phenotypic variation (13, 31) , particularly if we note that most SNPs occur at silent nucleotide sites or noncoding regions (28).
It is interesting that the number of gene copies relative to the reference individual for all annotated genes approximately follows the normal distribution. This has occurred most likely because there are a large number of annotated genes that appear to have experienced duplication, deletion, and inactivation of genes, independently. It is well known that, if there are a large number of factors that contribute independently to a quantitative character, the character tends to show a normal distribution by the central limit theorem in probability theory.
We have also seen that the relative copy number of functional OR genes is approximately normally distributed in human populations. In this case, the number of gene loci subject to duplication and deletion is much smaller than in the case of all annotated genes. Yet the number of functional OR gene loci seems sufficiently large to generate the normal distribution of copy number. It is also possible that the normal distribution is generated by the birth-death process in probability theory (32) . It is interesting to see that even the number of OR pseudogenes shows a normal distribution. Because pseudogenes are generated by various factors such as nonsense or frameshift mutations of functional genes, duplication of pseudogenes, etc., the normal distribution is likely to have been generated by the central limit theorem. Whatever the cause, OR pseudogenes are expected to evolve in a neutral fashion by genomic drift. Therefore, the normal distributions of functional and nonfunctional OR genes with similar variance suggest that the evolutionary change of functional OR genes is also largely controlled by random genomic drift, and the copy number change occurs in a more or less neutral fashion.
However, this does not mean that the number of copies of OR genes is unimportant for the ability of human olfaction. On the contrary, individuals with a larger number of OR genes may have a higher level of sensitivity to different odorants than those with a smaller number. Actually, it has been shown that polymorphisms in OR genes contribute to variability of odorant perception in humans (33) . Nevertheless, olfaction is only one component of fitness for humans, and its contribution to total fitness may be minor in the presence of many other factors. For this reason, the number of OR genes may not be directly related to fitness.
Unlike OR genes, T2R and V1R genes did not follow the normal distribution. This is probably because the number of gene copies involved is small. In the case of T2R genes, however, the selective constraints are apparently relaxed in humans (34) , and the copy number distributions of T2R genes is nearly the same for functional and nonfunctional genes. These results suggest that the CNV of functional T2R genes is also more or less neutral.
There is a common belief that the physiological requirement for a species is the major factor for determining the repertoire of a multigene family. For example, it has been hypothesized that the decrease in the number of OR genes in some primate species has occurred because these species acquired full trichromatic color vision, and this visual function has made olfaction less important (ref. 35 , but see ref. 36 for correction). However, we have shown that the CNV of OR genes is large in humans, and the largest difference between two individuals in functional OR genes is 49, which is three times greater than the difference between the standard genomes of humans and chimpanzees. This result suggests that genomic drift plays an important role in the evolution of OR genes at least in humans.
Furthermore, the copy number change due to genomic drift may occasionally play important roles in phenotypic evolution (7) . That is, when a new environmental niche is open for a species, and this niche requires a large number of genes, a group of individuals with large numbers of genes generated by genomic drift may move to this niche and eventually establish a new species. For example, terrestrial vertebrates have hundreds of class II OR genes, which are apparently for detecting airborne odorants (37) . By contrast, teleost fishes have only a few genes that are orthologous to these class II genes. Obviously, these class II genes expanded enormously when terrestrial vertebrates evolved, and this expansion was probably aided by genomic drift. Fig. 6 shows a simple model of copy number evolution in sensory receptor genes. A natural population has substantial CNV (Fig. 6A) . Here, the copy number is assumed to change mostly at random as long as the number is within the upper and lower boundaries determined by physiological requirements. When a population is separated into two populations, these populations may have different distributions of copy number largely because of genomic drift (Fig. 6B ). This type of differentiation of populations may proceed even to generate different species (Fig. 6C) . By contrast, a new species may be generated when a group of individuals having a larger number of genes by genomic drift (Fig. 6B) moves to a new niche, where a larger number of genes are needed (Fig. 6C) .
It should be noted that a large extent of genomic drift is not confined to sensory receptor genes. It seems to have occurred also in the evolution of Ig genes (S. Das, M. Nozawa, J. Klein, and M. Nei, unpublished work). However, genomic drift appears to be less important in genes controlling the basic cellular process such as DNA repair and homologous recombination (38) or genes controlling the characters in the early stage of development. For example, the number of Hox genes concerned with the formation of body pattern of animals is Ϸ40 in most tetrapod species (39, 40) . It should also be noted that even with sensory receptor genes, the extent of genomic drift seems to be smaller in Drosophila than in mammals (41, 42) . Nevertheless, genomic drift is apparently an important evolutionary factor for generating random change of phenotypic characters. Because it can affect many different sets of genes, its significance in evolution may be much greater than random genetic drift of gene frequencies caused by finite population size. It would be important to study the nature and effect of this evolutionary factor in detail in the future.
Materials and Methods
Determination of CNVRs in Each Individual. Redon et al. (13) identified CNVRs in 270 human individuals by using two experimental platforms [i.e., Whole Genome TilePath (WGTP) and Affymetrix GeneChip Human Mapping 500K early access arrays (500K EA)] and obtained two different sets of CNVR data for each individual. To make a single set of CNVR data for each individual, we merged these two CNVR data as follows. (i) All CNVRs identified in the European individual NA10851 in the 500K EA platform were eliminated, because NA10851 was used as the reference in the WGTP platform. (ii) When more than one CNVR overlapped in a sampled genome, these CNVRs were merged if all CNVRs were gain or loss events (compared with NA10851). (iii) If these CNVRs contained both gain and loss events, we excluded the CNVRs from the analysis, because it is quite unlikely that one individual has both duplication and deletion in a same genomic region. The genomic locations of CNVRs for each individual are shown in SI Table 5 .
Determination of CNPGs and GO Analysis. To determine CNPGs, we used the CNVR data obtained and the gene location data (Homosapiens. NCBI35.feb.pep.fa) annotated in the Ensembl database (20) (www.ensembl.org). If a gene is completely included within a CNVR in at least one of the sampled individuals, the gene was regarded as a CNPG. For the GO analysis, the GO categories assigned for the same type of genes were extracted from the gene annotation files (GenBank format) and the ontology file (geneontologyedit.obo) from the GO database (15) (www.geneontology. org) on March 20, 2007 . Statistical analysis was conducted by using GO::TermFinder (43).
Reexamination of the Genomic Locations of OR, T2R, and V1R Genes. We reexamined the genomic locations of OR, T2R, and V1R genes using the human genome assembly build 35 as follows. (i) We conducted a BLASTn (44) search against the genome sequence using each of the genes previously identified (16 -18) as a query. (ii) For each query, we extracted the best hit sequence, which showed the lowest E-value. (iii) Aligning each pair of query and best hit sequences, we determined the genomic locations of the genes. (iv) If the best hit sequences were located on unassembled chromosomes, the sequences were eliminated from the analysis. (v) If more than one gene were mapped to the same genomic location, we used the gene showing the lowest E-value with query sequences and eliminated the other sequences. The genomic locations of these genes in build 35 are shown in SI Tables 6 -8. The procedures for determining the CNPGs in these gene families were the same as above.
